Benchmarking has been recognized to be an effective analysis methodology and management tool that helps to improve efficiency and performance in many areas for different objectives. Industrial energy benchmarking is a process of evaluating energy performance of an individual industrial plant or sector against a reference plant or sector. Energy benchmarking based on the performance of industry leaders or best practices is particularly useful for identifying energy inefficiencies in the production processes and estimating the potential for energy savings. This paper introduces industrial energy benchmarking and existing programs and practices and then provides a formal general system description of industrial energy benchmarking. Process-based energy benchmarking approach is further analyzed in detail from the perspective of systems engineering. The resulting system description and methodologies provide a general unified framework for analyzing and implementing industrial energy benchmarking. An industrial energy benchmarking prototype is analyzed to demonstrate the basic idea and practices of industrial energy benchmarking within this general system framework.
Introduction
Currently, industrial energy efficiency and potential are primarily analyzed through the application of energy indicators and energy benchmarking [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . Energy benchmarking is useful for understanding energy use patterns, identifying inefficiencies in energy use, estimating potential for energy conservation, and designing policies to improve the energy economy. Energy benchmarking for industry is often defined as the process of measuring energy performance of an individual plant or industrial sector against a common metric that represents "standard" or "optimal" performance of a reference plant or industrial sector [7, 12, 13] .
Benchmarking can also be designed to compare the energy performance of a number of plants against one another or to compare the plant against itself in different time periods or under different operating conditions. Comparing an individual plant or industrial sector against itself (i.e., itself as peer) in different periods or operational conditions is sometimes necessary, especially the following two situations: (1) the relevant information of other plants or industrial sectors is not available or insufficient due to intense competition or proprietary information, but the plant or industrial sector knows itself well and wants to evaluate its own performance in different operational conditions; (2) to evaluate the energy efficiency improvement of a plant or industrial sector. However, if more information is available, it is better to benchmark to the industry leaders to better understand how large the difference in performance is as well as what causes the differences. Benchmarking is often regarded as "the search for industry best practices that will lead to the superior performance" [12] . Energy benchmarking can also be viewed as the search for industry best practices in energy use that will lead to superior energy performance. "Only the comparison to and understanding of the best practices of industry or functional leaders will ensure superiority" [12] . Therefore, establishing targets and improving energy efficiency based on best practices is preferred and critical for improving the energy economy worldwide in terms of energy conservation and reducing emissions.
As an effective analysis methodology and management tool, benchmarking has been used in many areas for different objectives. The primary importance of industrial energy benchmarking is to help improve energy efficiency and reduce dioxide carbon emissions to protect the environment and to mitigate climate change, which may also generate important economic benefits through carbon trading and carbon taxes. This paper generalizes and formalizes energy benchmarking from the perspective of systems engineering. This systematic general framework provides an analysis methodology and guidelines for designing and implementing industrial energy benchmarking. Because the major purpose of industry is production and industrial production usually consists of many inter-connected or related processes, this paper covers product-and process-based energy benchmarking with a focus on the more general process-based approach. This paper is organized as follows: Section 2 introduces industrial energy benchmarking and some existing programs and practices; Section 3 gives a general system description of energy benchmarking; Section 4 describes the general principle of designing and implementing energy 3 benchmarking from the perspective of systems engineering; Sections 5 models process-based energy benchmarking in detail within the general system framework; Section 6 analyzes a process-based benchmarking prototype to demonstrate the basic idea and process of industrial energy benchmarking using best practices. Section 7 provides discussion and conclusions.
Overview of industrial energy benchmarking
Worldwide, energy benchmarking is well recognized to be effective in helping to improve industrial energy efficiency. An example of energy benchmarking practices is provided by the Dutch government and research institutions, which have been very active in developing and applying benchmarking methodologies to evaluate industrial energy use in the Netherlands and worldwide. The Dutch government and research institutions have developed benchmarks for understanding industrial energy consumption patterns and identifying good and best practices in order to assist in designing energy conservation and emission reduction-related policies, programs and initiatives [2, 7, 14, 15] . Benchmarking has been used for different objectives and tasks, such as establishing voluntary agreements between government and industry in Netherlands [14] and estimating potential energy savings in energy-intensive industries worldwide [2] .
Industrial energy benchmarking is primarily practiced in the following two contexts, as illustrated by the examples presented below.
Evaluating an individual plant or an individual industrial sector
The first context for industrial energy benchmarking is to evaluate an individual plant or an individual industrial sector in order to (1) evaluate the energy performance of the plant or sector; (2) compare the performance of the plant or sector against the same or similar plants or sectors worldwide; and (3) estimate the potential for improving energy efficiency of the plant or sector based on best practice [16] .
The petroleum refining and petrochemical industries pioneered the use of benchmarking to evaluate the performance of individual plants [7, 17] . A metric called the Energy Intensity Index (EII) 1 is employed to evaluate the energy efficiency of the industry [7, 17] . In this methodology, energy consumption standards, which include adjustment for feed quality and processing intensity, are set for each of the processes in the petroleum refining and petrochemical industries. The benchmark energy consumption is the sum of all appropriate energy standards for the plant, and EII is defined as ratio of the actual total energy consumption over the benchmark energy consumption, which is usually expressed in percentage 2 [7, 17] .
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ENERGY STAR is a joint energy efficiency program of the U.S. Environmental Protection Agency (EPA) and the U.S. Department of Energy (DOE) helping to improve energy efficiency and protect the environment through energy efficient products and practices [18] . The ENERGY STAR for Industry program provides guidance for effective energy management and tools to help industrial facilities evaluate and benchmark their energy performance. ENERGY STAR for Industry develops plant Energy Performance Indicators (EPIs) that are sector-specific energy benchmarking tools that compare plants to U.S. average performance for that sector [19] . The EPI provides a sector-specific ENERGY STAR score for energy efficiency on a scale of 1 to 100. This score is calculated using the annual energy and operating data of an individual plant compared to the average for similar plants in the U.S. [19] . An industrial plant that scores higher than the 75th percentile (i.e., within the top 25 percent) is regarded as energy efficient [19] and may apply for ENERGY STAR certification [20] .
Setting company-or industry-wide energy efficiency goals
The second context for energy benchmarking is to set company-or industry-wide energy efficiency goals using benchmarking approaches [16] . Energy benchmarking in this context often requires first determining a baseline, which is usually set as the current energy intensity or energy performance of the company or industry, though using the past energy performance of the plant or sector is also possible. The energy efficiency goals are often expressed as the estimated potential reduction of the baseline energy intensity [16, 17, 21] .
In China-now the world's largest energy consumer-industry accounts for about 70% of the country's energy consumption. Despite the achievements China has made in industrial energy efficiency, Chinese industry is still generally energy-intensive and inefficient compared to industry leaders worldwide. Therefore, setting energy efficiency goals for industry based on energy benchmarking against the Chinese and international advanced levels is often used in China. To some extent, reaching or approaching the Chinese or international advanced level is a general energy efficiency goal for Chinese industry, e.g., the energy efficiency goal-setting for the Top-1000 Enterprises Energy-Saving Program (Top-1000 Program) [21] and the Ten Key Energy Conservation Projects [22] . It is reported that the Top-1000 Program achieved total energy savings of about 4.40 exajoules (EJ) from 2006 to 2010 compared to a growth baseline [23] . Table 1 lists the reduction in final energy intensity of major energy-intensive products in China from 2006 to 2010. Source: [24] [25] [26] .
plant or sector is. For example, if the EII of one plant is 130, it means that the plant requires 30% more energy for the equivalent level of production or processing compared to the benchmark plant [18] . 
System description and analysis of energy benchmarking
The basic idea of energy benchmarking is to evaluate and compare the energy efficiency of two systems which can be as aggregate as industrial sectors or as disaggregate as specific industrial process-steps, and to identify the potential for improving energy efficiency based on the difference between the two systems. Therefore, a reference or benchmark system 3 (i.e., the system against which is to be benchmarked) is necessary for energy benchmarking. Because the primary purpose of energy benchmarking is to identify inefficiencies in energy use and potential energy savings and to further improve energy efficiency based on best practices in the same or similar industries, the benchmark system should have some basic properties such as being physically realizable, highly energy-efficient, and comparable.
From the perspective of systems engineering, the basic idea of energy benchmarking can thus be generalized using the system diagram shown in Figure 1 .
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Figure 1. System diagram of general energy benchmarking
Note: superscript " (b) " denotes the benchmark (reference) system.
The mathematical equations that describe the system shown in Figure 1 are:
where:
i.
are m-dimensional real vectors of which elements represent the energy-governing factors (e.g., material input, production volume, product type and grade, or the design of and operation of installed equipment) [28] , or, more formally, control variables.
ii.
) (x G is the function of translating the control variable x to ) (b x . As long as it is possible, we let benchmark system and the system to be evaluated have the same input 4 , which is denoted as
In case the system to be evaluated has different input from the benchmark system, ) (x G needs to be determined according to equivalence principle so that the two systems can be compared against each other at a reasonable basis. We note that the equivalence used to derive ) (x G depends on specific situation or application. One possible option is "functional equivalence". For example, the benchmark system produces a high-quality and durable product A while the system to be evaluated produces a low-quality and short-life product B. Assume that producing one unit of product A requires the same amount of materials as producing one unit of product B. If one unit of the product A can replace two units of the product B for the same function and the life of the product A is two times that of the product B, one unit of product A can be regarded as functionally equivalent to four units of product B. If we further assume the amount of product is the only control variable for the two systems, i.e.
where x is the amount of product B produced by the system to be evaluated and
x is the amount of the product A required to be produced by the benchmark system for the functional equivalence,
are n-dimensional real vectors of which elements represent different type of fuels (e.g., coal or natural gas) and electricity that are consumed (defined as positive number) or produced (defined as negative number) by the system and is measured in energy units (e.g., gigajoules or tonnes of oil equivalent).
is the mathematical energy model of the system of which energy efficiency is to be evaluated and the benchmark system, respectively; v.
is an n-dimensional real vector of which each element (i.e.,
) represents the difference in consumption or generation of one type of fuel or electricity between the system to be evaluated and the benchmark system. vi.
Industrial production, especially heavy industry (e.g., iron and steel, chemicals, cement), consumes a large amount of energy. However, an industrial plant may also produce secondary energy (e.g. electricity) while consuming primary energy such as coal or natural gas. For example, a cement plant equipped with waste heat recovery power generation may produce electricity for its own use or to sell to the grid, even though it is consuming a large amount of fuels such as coal. In order to evaluate the overall energy efficiency of the plant, the total energy consumption E is defined as
where i w for any
, denotes the conversion factor of each type of fuel or electricity that is consumed or produced by the system and is measured in energy units. In industrial practices, if different types of fuels and electricity are directly summed up using the concept of energy equivalent (e.g., heat value equivalent) without accounting for energy conversion or transformation process, the resulting total energy consumption is usually called final energy consumption; if the energy conversion or transformation losses are accounted for, the resulting total energy consumption is usually called primary energy consumption. The calculation of final and primary energy consumption can be expressed explicitly by assigning different conversion factors to each type of fuel or electricity corresponding to energy conversion or transformation losses.
Similarly, the total benchmark energy consumption
Total energy consumption is often used for evaluating the overall energy performance as it is inconvenient to compare vectors y and
Under the above assumptions and conditions, the often-used energy benchmarking can be simplified to the diagram shown in Figure 2 .
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Figure 2. System diagram of simplified energy benchmarking
The mathematical equations that describe the system shown in Figure 2 are:
are m-dimensional real vectors of which elements represent the energy-governing factors.
is the function of translating the
ii. y and ) (b y are real vectors of which elements represent the different types of fuels and electricity that are consumed (defined as positive number) or produced (defined as negative number) by the system. ) ( H is the function of calculating total energy consumption expressed by Equations (4) and (5). iii.
E denotes the total energy consumption for the system to be evaluated and ) (b E denotes the total energy consumption for the benchmark system. iv. The difference between E and
, reflects the difference in energy performance between the two systems: a positive
indicates that the system to be evaluated is not as energy-efficient as the benchmark system and
can be regarded the potential for energy savings; a negative
indicates that the system to be evaluated is more energy-efficient than the benchmark system; a zero of
indicates that the energy efficiencies of the two systems are same.
are two composite functions that describe the energy model of the systems. We note that, if the purpose of energy benchmarking is to evaluate the overall energy performance and the consumption or production of different types of fuels or electricity are not needed to be reported separately, it is often convenient to model ) (x U and
directly instead of modeling them as composite functions.
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The above system description provides a general and formal framework for analyzing and implementing energy benchmarking.
Designing and implementing industrial energy benchmarking from the perspective of systems engineering methodology
It is ideal to design and implement energy benchmarking following a systems engineering methodology, especially for complicated industrial systems.
Industrial production usually consists of a number of processes (or stages) and each process can usually be further divided into a number of detailed process-steps. Different processes may have very different energy use and efficiency characteristics. In implementing effective energy benchmarking that accounts for production differences, it is necessary to look inside the production processes and take into account the various process used [7, 16] .
The resulting energy benchmarking can be called process or process-step energy benchmarking [7, 16] , depending on the definition of the process or process-steps. In this paper, we use process blocks to describe relatively aggregate sub-processes, and process-steps for disaggregated sub-processes within a process block. In other words, the production process of a plant is divided into a number of general process blocks and each process block is further divided into a number of specific process-steps 5 . The processes can then be analyzed at different levels to provide different levels of results and insights for understanding the energy performance of industrial production. From the perspective of systems engineering, this kind of process disaggregation and multi-level analysis can be viewed as top-down system decomposition and modular analysis of which the idea is illustrated in Figure 3 . More formally, one process at level L is decomposed into a number of sub-processes at level 1  L , which means one level lower than L, and each sub-process at level
can be further decomposed into a number of subprocesses at level 2  L .
Figure 3. Top-down decomposition and modular analysis of production process
Generally speaking, the process-based energy benchmarking approaches involve two key procedures: identifying the key energy-consuming sub-processes for an industrial process and evaluating the performance of an industrial process at each of these key sub-processes [7, 16] . From the perspective of systems engineering [29, 30] , the implementation of process-based energy benchmarking usually involves the following steps: system analysis, system modeling, system evaluation, and decision support. These steps are briefly described as follows.
System analysis -analyzing and decomposing the industrial processes
The process-based energy benchmarking approach begins with an understanding of the production processes used in the evaluated industry [16] . One key point in this step is to analyze the production pathways and identify the key energy-intensive sub-processes. Production pathways can generally be classified into three categories: from raw materials to intermediate products, from one intermediate product to another intermediate product, and from intermediate products to final products [16] . Often, there are a number of pathways that lead to the production of one central intermediate product (e.g., clinker production in cement industry) which usually encompasses the most energy-intensive subprocesses [16, 31] . There are then more pathways that lead from the central intermediate product to a number of final products (e.g., various grades of cement). These pathways and central intermediate products usually provide useful insights on how to decompose the industrial process into sub-processes. The sub-process can be further decomposed into a number of more disaggregated sub-processes if necessary for a better and deeper understanding of the production process. We note that a good analysis of production pathways and identification of key energy-intensive sub-processes is often the critical step to correctly building the benchmarking models.
System modeling -building the system model for energy benchmarking
This step usually involves the following tasks: setting boundaries of the analysis; defining the benchmark energy categories; building mathematical models for energy performance comparison and determining benchmarks. Setting boundaries of the analysis is the selection of sub-processes to be included in the benchmarking analysis. The most energy-intensive sub-processes should always be included. In benchmarking practices, the sub-processes in the analysis boundary are expected to have some sort of measureable physical output that can be used as the basis of an intensity measure [16] . Defining the benchmark energy categories is mainly related to the selection of energy sources in the benchmarking analysis and final or primary energy considerations. The industrial system modeling procedure is closely related to the individual industrial process, data availability, and required accuracy of the analysis. In industrial energy benchmarking practices, energy intensity-based models are often used due to their simplicity and acceptable accuracy. Benchmarks are required to set up the parameters of the benchmark system. For energy intensity-based methodologies, determining the benchmarks consists primarily of establishing the benchmark intensities for each of the sub-processes [16] .
System evaluation -evaluating the energy performance of the industrial process
The energy performance of the industrial process is measured at each sub-process against the corresponding benchmark sub-process, i.e., making sub-process-specific comparisons between the energy used for each sub-process and that used for benchmark sub-process developed according to predetermined benchmark values [7, 16] . Energy-inefficient sub-processes are often identified in this step and the potential for energy savings of each sub-process can also be estimated. The overall energy performance of the process can be evaluated by aggregating the energy performance of all subprocesses. We note that energy performance comparisons and evaluations become complicated when multiple energy sources are involved in the process or sub-processes, especially when secondary energy such as electricity is involved.
Decision support -potential and cost-benefit analysis for energy efficiency improvement
The main purpose of process-based energy benchmarking is to identify the primary gaps in energy efficiency, how large the potential is, and how to improve energy efficiency at affordable cost. To support decision-making, a detailed analysis of the potential for energy-efficiency improvement as well as the costs and benefits of implementing energy efficiency measures is often needed. To be more specific, energy-efficient technologies and measures that could be implemented to improve the energy efficiency of the process or sub-process need to be evaluated, and the potential for improving energy efficiency is estimated by calculating the energy savings that will result from adoption of these energyefficiency technologies and measures [7, 32] . The costs and benefits of adopting these technologies and measures are estimated to support making reasonable and cost-effective decisions. The overall improvement in energy efficiency of the whole process should also be given to provide a general image of the effectiveness of adopting the energy-efficiency technologies and measures, which can be viewed as setting up a new hypothetical plant by using the energy-efficiency technologies and measures and then comparing this new hypothetical plant with the benchmark plant [7, 32] .
We note that a product-based approach is also often used when the process information is not available or insufficient.
The basic idea and assumption behind product-based energy benchmarking is that the energy consumption of making one type and grade of product can be calculated by multiplying the throughput of that product by the energy intensity of making that product. These energy consumption values are then summed across all products to give the total energy consumption for the plant or sector to be evaluated and benchmark plant or sector [2, 7, 16] .
Product-based energy benchmarking at the plant or sector level provides some general understanding of the energy efficiency of the plant or sector to be evaluated, which helps to determine the gap between the plant or sector to be evaluated and the benchmark systems and to estimate the overall potential for energy efficiency improvement. However, energy benchmarking as a whole at the plant or sector level usually does not help determine why the gap exists and where the potential is and how to effectively and significantly improve energy efficiency.
We note that if one industrial plant or sector is modeled as one process and making specific final products (commodities) are modeled as sub-processes, or in other words, the making of one specific final product (commodity) is modeled as one production sub-process of the plant or sector, productbased energy benchmarking at the plant or sector level can be viewed as a particular case of the process-based energy benchmarking.
System analysis of process-based energy benchmarking
The formal system description of the process-based energy benchmarking is given for analyzing the industrial energy benchmarking theoretically and systematically.
Given one specific process P that is composed of h sub-processes, denoted as
, the process-based energy benchmarking can be described by the diagram shown in Figure 4 . The mathematical equations that describe the system shown in Figure 4 are:
) , , , , (
)) ( (
(18) The actual energy consumption of each sub-process, i.e., , and total energy consumption E of process P can usually be measured directly or calculated according to Equations (13) and (16) , can be used to evaluate the difference in overall energy performance of process P.
We note that the above process energy benchmarking is a particular case of the system description of energy benchmarking shown in Figure 2 . More specifically, this can be verified by defining:
where i y and
, are defined by Equations (9) to (12) and are all composite functions 7 of vector x of which elements are input variables.
In industrial energy benchmarking practices, energy intensity is often used as a metric that is irrespective of process scale or production volume. Specifically, the energy consumption of the process to be evaluated and benchmark process can be defined as: V denotes the energy intensity of the sub-process to be evaluated and benchmark sub-process, respectively.
The above system description provides a general framework to analyze and design the process-based energy benchmarking.
The concept of EII (Energy Intensity Index) is also often used in process-based energy benchmarking. Specifically, according to Equations (21) and (22), the EII of the process can be defined as:
By incorporating the top-down decomposition of production process shown in Figure 3 , the definition of EII described by Equation (23) can be generalized to any specific process at any level, e.g., plant as a general process which is composed of a number of process-blocks, or a process-block which is composed of a number of process-steps.
An energy benchmarking prototype for cement industry
Cement is an important building material worldwide. In 2011, the world's cement production was 3.6 billion tonnes [33] . China accounts for about 50 percent of global cement production [33, 34] . Cement production is energy-intensive and requires intense heat for the chemical combination of a mixture of raw materials [16] . Cement production also consumes a large amount of electricity for its raw material preparation and finish grinding. Furthermore, cement production is also a major CO 2 emissions source [35] . Figure 5 shows an overview of the key production processes in cement production. The importance and necessity of energy benchmarking in the cement industry is well recognized [36] [37] [38] [39] .
Figure 5. Overview of cement production process
Note: Dashed lines outline the processes addressed in the benchmarking prototype for cement production
To help the cement industry to evaluate and benchmark its energy efficiency and carbon emissions, a significant number of studies and tools have been developed worldwide, such as the Canadian cement industry energy benchmarking study [39, 40] , the sectoral Clean Development Mechanism (CDM) benchmarking methodology developed by the Cement Sustainability Initiative (CSI) and Ecofys based on CSI's global cement database on CO 2 and energy information (i.e., "Getting the Numbers Right", the GNR database) [41] , the cement manufacturing energy performance indicator developed by U.S. ENERGY STAR [19] , the energy and carbon-based benchmarking for the cement industry in the European Union (EU) [37, 38, 42, 43] , and the Benchmarking and Energy Savings Tool (BEST)-Cement developed by Lawrence Berkeley National Laboratory (LBNL) [32] .
This section analyzes an energy benchmarking prototype derived from the LBNL's BEST-Cement tool to demonstrate the process-based benchmarking approach within the general framework presented in previous sections.
The prototype provides process-based energy benchmarking at both the plant and process levels for cement production. The boundary for energy benchmarking is outlined by dashed lines in Figure 5 . The prototype can benchmark the energy efficiency of a wide range of cement products. Specifically, the prototype can benchmark the energy efficiency of pure Portland cement, common Portland cement, slag cement, fly ash cement, pozzolana cement, and blended cement. The classification of processblocks and process-steps is shown in Table 2 . The system diagram of the process-based (process-block level) energy benchmarking is shown in Figure 6 . Table 2 .
The process control variables for the benchmarking prototype are defined as We note that the benchmarking prototype is a hypothetical system constructed using benchmarks and can adapt itself according to the production data of the system to be evaluated. Therefore, the translation function
In the remainder of this section, if not otherwise noted, we denote: P -cement production system to be evaluated; ) (b P -benchmark (usually best practice) cement production system; V -energy intensity of the jth process-step of the ith process-block for system P and
V -energy intensity for making the kth type of product at the jth process-step of the ith process-block for system P and ) (b P , respectively.
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The energy consumption of each subprocess can be calculated by the following formulas. For a clear view, we simplified the formulas by using aggregate energy intensity for each process-block or processstep. The actual calculation should handle different energy types (fuels and electricity) and give the results separately for final energy consumption and primary energy consumption. (a) Process-block p 1 -preblending:
(c) Process-block p 3 -additives preparation:
In this analysis, the energy required by additive grinding and blending for blended cement production is included in the cement grinding (finish grinding). (d) Process-block p 4 -kiln system-machinery use:
(e) Process-block p 5 -kiln system-clinker making:
(f) Process-block p 6 -cement grinding:
Where:
are two real vectors; centered dot "  " denotes dot product (or scalar product) of vectors. (g) Process-block p 7 -other production energy:
(h) Process-block p 8 -other non-production energy:
This article was originally published in "Energy" (Volume 54, Pages 32-44, June 2013) 
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The total energy for system P is calculated by
The total energy for system
The overall EII for the cement production system to be evaluated can be calculated by
The EII for process-block p i (
The total potential energy savings can be estimated by
The potential energy savings for process-block
We note that: (1) the benchmarking at the process-step level is similar to the above calculations; (2) the above formulas demonstrate the basic calculations for benchmarking cement production, additional information (such as kiln type, fuel type, waste heat recovery, on-site generation and milling) is needed for the complete calculations required by benchmarking an actual cement facility.
The key benchmarks used for cement production are listed in Table 3 . Table 3 . Key benchmarks for cement production.
Source: Estimated by the authors based on [31, 32, [44] [45] [46] [47] [48] [49] [50] 
Discussion and conclusions
Energy benchmarking is well recognized to be effective in helping to improve energy efficiency and to reduce carbon dioxide emissions. However, energy benchmarking is often challenging in real-world practice. A better understanding of the applicability, strengths, and limitations of industrial energy benchmarking is helpful for utilizing energy benchmarking more effectively and scientifically.
Discussion of process-based energy benchmarking
Process-based energy benchmarking is generally preferred for complex industrial production systems, which are usually composed of many highly interconnected processes and equipment, as it can provide insights into where the major inefficiencies are and which processes to focus on for improvement [7, 12, 16] . In other words, process-based benchmarking is very helpful for identifying the major potential for improving energy efficiency effectively.
In theory, process-based energy benchmarking can be applied to any industrial production system that can be decomposed to sub-processes. However, in real-world applications, it often requires great effort to design and implement processes-based energy benchmarking. The difficulty primarily lies in the three areas, discussed below.
First, the interconnections between sub-processes in an industrial production system are usually complex. Therefore, it is often difficult to decompose a complex system to sub-processes with clear boundaries. Furthermore, the relationships between sub-processes are often highly nonlinear and varying, making it difficult to model this kind of complex system. In real-world benchmarking practices, decoupling, approximation, and linearization methods are often adopted to provide acceptable engineering analysis.
Second, it is very rare that two real industrial systems have exactly the same production processes and homogeneous energy-governing factors [28] . Reasonable assumptions and mathematical transformations and normalizations are often necessary to make benchmarking comparable.
Third, it is often difficult to acquire relevant and sufficient energy data for the processes. On one hand, energy performance measurement and verification is sometimes difficult, especially for those industrial facilities which lack energy measurement and management but need to improve their efficiencies. On the other hand, detailed energy information is often sensitive due to concerns about competitiveness, proprietary data or politically sensitive areas such as climate negotiations. Companies or industries are often reluctant to release detailed information on their energy use [16] . Therefore, data collection and availability is often a challenge for industrial energy benchmarking efforts. Large uncertainties in data are also a major concern [2] . To a large extent, high quality and sufficient data are the key to success of benchmarking analysis and practices [2] .
The following are needed for wider application of process-based benchmarking in industries: (1) Greater involvement of more technicians and engineers in various industrial areas as they usually have in-depth understanding of the industrial production process and are the major potential users of benchmarking. The practical experiences and feedback from the technicians and engineers are very important for the application of process-based energy benchmarking. (2) More resources and tools should be available for in-house use in companies. Companies may want to evaluate their energy performance to estimate the potential energy savings without disclosing their detailed energy data. A comprehensive and userfriendly tool is helpful for such users to benchmark their energy performance by themselves or with only little outside help. (3) Demonstrations of the usefulness of benchmarking should be made for stakeholders (especially the leaders or managers of the industries) so that they can recognize the importance and advantages of benchmarking. In countries like China, support from government and governmental associations of industries are often critical for energy benchmarking programs and initiatives.
Discussion of product-based energy benchmarking
Compared to process-based approaches, product-based energy benchmarking is simple in terms of methodology and requires much less data. On one hand, product-based approaches greatly simplify the benchmarking process and reduce the burden to collect detailed production process-related data, which is very helpful in reducing the concerns of stakeholders regarding proprietary information. The applicability of the product-based energy benchmarking is thus much wider than process-based approaches. On the other hand, product-based approaches only give aggregate benchmarking results, which usually do not help determine why the inefficiency exists and where the major inefficiencies are as the detailed information on the production processes is missing. It is difficult to effectively improve efficiency without a good understanding of the fundamentals behind a production process.
Aggregate energy intensity of the product is usually used as the major efficiency indicator for productbased energy benchmarking. For simplicity, energy intensity of the product is usually assumed to be a metric irrespective of plant size, scale of production line or production volume [16] . It should be noted that in real-world industrial production, energy intensity is often related to plant size, and scale of production lines as well as material input, production volume, and product type and grade. For example, producing a large quantity of one product on an advanced mass production line is very likely to be more energy-efficient in terms of energy consumption per unit of product than producing the same amount of the same product on a relatively outdated small scale production line. On the other hand, producing a small quantity of one product on an advanced mass production line (e.g., the production volume only accounts for five percent of the productive capacity of the production line) does not necessarily consume less energy than producing the same amount of the same product on a relatively outdated small scale production line which is operating at near-optimal capacity utilization rate. Therefore, care should be taken when using aggregate energy intensity indicator to make direct comparisons.
The EII of an industrial plant or sector is a very straightforward metric for energy intensity comparisons and is widely used in energy benchmarking practices [2, 17] . We note that the EII is a percentage that describes the relative energy performance, and this index can thus be used to compare the overall performance of different plants or sectors without revealing proprietary information, which is generally preferred by industrial plants or sectors in competitive markets [2, 13, 16, 17] . However, the information given by an EII value of an industrial plant or sector is very limited, especially if the relevant data of the benchmarks are not available. Furthermore, it is also difficult to interpret an overall EII value without information on production process and energy utilization. If different products (types or grades) and energy types (such as fuels and electricity) are involved in the industrial plant or sector, which is often the case, an aggregate EII number is not very informative for benchmarking.
We note that the attitude of stakeholders towards benchmarking is often critical due to the proprietary nature and data privacy of the industrial plants or sectors. Even so, the wide application of energy benchmarking in industry, especially for those energy-intensive heavy industries, could be very beneficial. Either relatively simple product-based benchmarking or relatively complex process-based benchmarking is helpful in identifying inefficiencies and estimating potential energy savings and carbon emissions reduction. Process-based benchmarking also helps determine major inefficiencies and improve energy efficiency more effectively.
Given the analyses and discussions conducted in this study, we conclude with the following remarks:
(1) The basic idea of energy benchmarking is to evaluate the energy performance of an individual system against a reference system. Energy benchmarking can be designed to compare the energy performance of an individual system against a reference system that represents best practice, or to compare the energy performance of a number of systems against one another or to compare the plant against itself 25 in different periods or operation conditions. Energy benchmarking based on best practice is particularly useful for identifying the energy inefficiencies in production processes to estimate the potential for energy savings.
(2) Product-based energy benchmarking at the plant or sector level helps to determine the gap between the plants or sectors and to estimate the overall potential for energy efficiency improvement. Processbased benchmarking provides insights into where the major energy saving potential actually is and which areas or processes should be focused on and improved. Product-based energy benchmarking can be viewed as a particular case of the process-based energy benchmarking.
(3) The formal general system description of energy benchmarking from the perspective of systems engineering and the resulting systems engineering methodologies presented in this paper provide a general unified framework for analyzing and implementing industrial energy benchmarking.
(4) The analysis of an energy benchmarking prototype demonstrates the process-based benchmarking approaches within the general framework presented in this paper are helpful in identifying the major inefficiencies and estimating the potential for energy savings.
